Real-time magnetic resonance imaging (rtMRI) provides information about the dynamic shaping of the vocal tract during speech production. This paper introduces and evaluates a method for quantifying articulatory strategies using rtMRI. The method decomposes the formation and release of a constriction in the vocal tract into the contributions of individual articulators such as the jaw, tongue, lips, and velum. The method uses an anatomically guided factor analysis and dynamical principles from the framework of Task Dynamics. We evaluated the method within a test-retest repeatability framework. We imaged healthy volunteers (n = 8, 4 females, 4 males) in two scans on the same day and quantified inter-study agreement with the intraclass correlation coefficient and mean within-subject standard deviation. The evaluation established a limit on effect size and intra-group differences in articulatory strategy which can be studied using the method.
Introduction
The vocal tract produces speech sounds using a flexible combination of speech articulators. Just as a pointing movement of the limb can be achieved with an infinite number of joint angles, so too does a speech task prescribe no unique role for any one articulator. An articulatory strategy characterizes the way the articulators move to perform a speech task out of the many ways possible. The range of articulatory strategies used by a speaker indicates flexibility in motor organization [1] , which underlies variability in articulation and the acoustic signal.
This study introduces and evaluates a quantitative imaging biomarker of articulatory strategies as an indicator of flexibility in speech motor organization. In line with recent standardization in biomedical imaging, a quantitative imaging biomarker is "an objective characteristic derived from an in vivo image measured on a ratio or interval scale as an indicator of normal biological processes, pathogenic processes or a response to a therapeutic intervention" [2, 3] . Quantitative imaging biomarkers are designed to extract complex information from biomedical images using mathematical algorithms. The proliferation of vocal tract imaging databases [4] and the morphological [5] and functional [6] complexities captured therein underscore the importance of quantitative imaging biomarkers in speech science.
Advances in real-time magnetic resonance imaging (rtMRI) have achieved a balance among the competing factors of temporal resolution, spatial resolution, and signal-to-noise ratio that allows for the characterization of vocal tract shaping during speech production [7, 8] . Alongside these advances in acquisition and reconstruction have grown computational approaches to extract quantitative imaging biomarkers from rtMRI [9] . Increasingly complex computational methods promise to provide * now at Lund University biomarkers of articulatory strategies [10] . However, a necessary preliminary to increasing the complexity of computational methods is evaluation of biomarker precision. The precision of a quantitative imaging biomarker is the agreement between replicate measurements of the same or similar experimental units with specified conditions [2, 3] . Precision is an important parameter, as it establishes a limit on effect size and intra-group differences which can be studied using the method.
The goals of this study were (i) to introduce a quantitative imaging biomarker of articulatory strategies, and (ii) to evaluate the precision of the articulatory strategy biomarker within a testretest framework. Files for repeating and replicating this study are available at http://sail.usc.edu/span/artstr.
Methods

Image acquisition and reconstruction
This study imaged healthy volunteers (n = 8, 4 males, 4 females) in two scans on the same day using an imaging sequence which was specifically designed to capture the deformation of the airway at fast frame rate. Participants produced the sequences [apa], [ata], [aka] , and [aia] 10 times per scan. A real-time spiral sequence based on the RTHawk platform (HeartVista, Menlo Park, CA, USA) with bit-reversed readout ordering was used. Sequence parameters were: field-of-view 200 mm × 200 mm, reconstructed resolution 2.4 mm × 2.4 mm, slice thickness 6 mm, TR 6 ms, TE 3.6 ms, flip angle 15°, and 13 spiral interleaves for full sampling. The scan plane was manually aligned with the midsagittal plane of the subject's head. Images were retrospectively reconstructed to a temporal resolution of 12 ms (2 spirals per frame, 83 frames per second), resulting in an acceleration factor of 6.5. Reconstruction was performed using the Berkeley Advanced Reconstruction Toolbox (BART) [11] . The MRI sequence and experiment protocol was previously reported ( [9] , §2). 
Time-point annotation
Vocal tract constrictions were manually identified in the rtMRI videos. The video frames were inspected on a computer monitor, and the intervals of time during which the vocal tract produced constrictions were manually identified by annotating the frame number of the first and last frames in which there was visible movement.
Contour tracking
The contours of articulators were identified in the rtMRI videos and tracked automatically during vocal tract constrictions [12] . The algorithm was manually initialized with templates matching the vocal tract contours during the sounds (for presentation purposes, frame rate was downsampled by factor of 2). b, contour tracking of the speech articulators. c, automatic measurement of constriction degree between tongue and hard palate (magenta). d, jaw contribution to change in constriction degree. e, tongue contribution to change in constriction degree. f, total change in constriction degree (sum of jaw and tongue contributions). g, jaw and tongue contributions to palatal constriction. [k]. Figure 1b shows a sequence of 6 contours which were tracked from the release of a pharyngeal constriction for [a] to the subsequent formation of a palatal constriction for [i] in the sequence [aia].
Constriction degree measurement
Constrictions were quantified by measuring change in constriction degree as a local descriptor of airway shape at a phonetic place of articulation. The constriction degree was the distance between the opposing structures at the place of articulation. . Five phonetic places of articulation were obtained, corresponding to the labial, coronal, palatal, velar, and pharyngeal places of articulation. The degree of constriction was measured automatically at the phonetic places of articulation in each video frame. Bilabial constriction degree was the minimum distance between the upper lip and lower lip. Constriction degrees in the oral cavity and pharynx were the minimum distances from the tongue to the coronal, palatal, velar, and pharyngeal place. 
Factor analysis of vocal tract shapes
Articulator positions were expressed as the linear combination of factors which reflected the principal directions of spatial variability for the jaw, tongue, and lip contours [13] . Jaw, tongue, and lip factors were obtained for each participant separately. Varying the coefficients of the linear combination of factors expressed articulator movements.
One jaw factor characterized the spatial variability of the jaw along with the jaw-associated variability of the tongue and lips. Let n be the number of rtMRI video frames. Let p be the number of articulator contour vertices in each frame. Let Yj be the n × p matrix of articulator contour vertices with the vertices of non-jaw contours set to zero. Define the covariance matrix as Rj = Y j Yj/(n − 1). Let Yjtl be the n × p matrix of articulator contour vertices with the vertices of non-jaw, non-tongue, and non-lip contours set to zero. The first principal component v1 of Yj was normalized to have unit variance as h1 = v1/(v 1 Rjtlv1) and obtained the jaw factor as u1 = Rjtlh1. This factor captured jaw motion and the associated lip and tongue motion.
Four tongue factors characterized the spatial variability of the tongue, independently of the jaw. Let Yt be the n × p matrix of articulator contour vertices with the vertices of non-tongue contours set to zero. Variance which was due to the jaw factor was subtracted from the tongue contours to obtain Y t = Yt(I − u1u * 1 ), where * denotes the Moore-Penrose pseudoinverse [14] . Define the covariance matrix as R t = Y t Y t /(n − 1). The first principal component v2 of Y t was normalized to have unit variance as h2 = v2/(v 2 R t v2) and obtained the first tongue factor as u2 = R t h2. The second tongue factor was obtained as u3 = R t h3, where
2 ), and h3 = v3/(v 3 R t v3). This pattern was iterated to obtain h4 and h5 for a total of four tongue factors.
Two lip factors h6, h7 characterized the spatial variability of the lips, independently of the jaw. The lip factors were obtained in the same way as the tongue factors.
Row y n of Y contained the articulator contours in rtMRI video frame n. The column vector yn was parameterized as the linear combination yn = Hwn, where H was the p × 7 matrix with columns h1, h2, . . . , h7 and wn was the vector of coefficients w1n, w2n, . . . , w7n which parameterized the articulator contours in rtMRI video frame n.
Definition of biomarkers
Change in a constriction degree zi during a vocal tract constriction was decomposed into the contributions of the jaw, lips, and tongue. The decomposition relied on the forward kinematic map, a nonlinear function which maps articulator positions to the corresponding constriction degrees. We obtained the forward kinematic map using locally weighted regression [15] . The jacobian J of the forward kinematic map quantified the change ∆z in constriction degrees which was due to a small change dw in articulator positions. For constriction degree zi, the jacobian of the forward kinematic map provided the following relation between constriction degrees and articulators:
where Ji is row i of J, time 0 is the temporal onset of a constriction, time T is the temporal offset of a constriction, and the 7×7 diagonal projection matrix P k (kk-entry equal to unity and all other entries equal to zero) broke the integral down into the contributions of each coefficient w k . Term k of the outer summation is the theoretical contribution of factor h k to elapsed change in zi during a constriction.
We defined λ as the quantitative imaging biomarker of articulatory strategy. λ reflected the contribution of an individual articulator to a constriction.
The set U depended on the articulator: U = {1} for the jaw; U = {2, 3, 4, 5} for the tongue; and U = {6, 7} for the lips. Figure 1 graphs the individual contributions of the jaw (1d) and tongue (1e) to the formation of the palatal constriction imaged in Figure 1a . Figure 1f graphs the whole constriction as the sum of the jaw and tongue contributions.
Test-retest repeatability
A test-retest repeatability framework was adopted in order to determine how much the contributions of the jaw, lips, and tongue to vocal tract constrictions varied depending on how much the quantitative imaging biomarker of articulatory strategy depended on participant positioning within the scanner bore and short-term physiological variability. Agreement between Scan 1 and Scan 2 was quantified using the intraclass correlation coefficient (ICC). The ICC is a quantitative measure of test-retest repeatability for biomarkers. On the basis of a recent review [16] , ICC values were categorized as poor (0.00 to 0.30), weak (0.31 to 0.50), moderate (0.51 to 0.70), strong (0.71 to 0.90), and very strong (0.91 to 1.00).
The ICC was computed using a linear mixed effects model fitted with the package lme4 [17] in R [18] . Consider the sample of n = 8 participants, each with k = 20 repeated measurements of articulatory strategy (10 from Scan 1, 10 from Scan 2). The contribution λij for replicate measurement j and participant i was λij = µ+pi +eij, where µ is the group mean, pi is the random intercept for participant i, and eij is the error. The random effects pi and eij are independently and identically distributed with mean 0 and the inter-speaker variance σ 2 p and intra-speaker variance σ 2 e to be estimated from the data using restricted maximum likelihood.
One ICC value was obtained for each articulator (i.e., jaw, lips, tongue) in each constriction type (i.e., bilabial closure, bilabial release, coronal closure, coronal release, palatal approximation, velar closure, velar release, pharyngeal approximation) as ICC(λ) =σ Table 1 shows the intra-class correlation coefficients for the jaw, lips, and tongue contributions to vocal tract constrictions. Reproducibility of jaw contributions to vocal tract constriction ranged from poor to strong, with ICC ranging from 0.13 (velar closure) to 0.81 (bilabial closure and release). Reproducibility of lip/tongue contribution to vocal tract constriction ranged from weak to strong, with ICC ranging from 0.35 (pharyngeal approximation) to 0.79 (bilabial closure). Reproducibility of total change in vocal tract constriction degree ranged from poor to strong, with ICC ranging from 0.27 (pharyngeal approximation) to 0.76 (bilabial closure). Table 2 shows the mean intra-speaker standard deviations for the jaw, lips, and tongue contributions to vocal tract constrictions. The mean intra-speaker standard deviation for jaw Table 2 Intra-speaker standard deviations (mm) for the jaw contributions, lips/tongue contributions, and total constriction.
Results
contribution to vocal tract constriction ranged from 1.25 mm (palatal approximation) to 0.37 mm (velar release). The mean intra-speaker standard deviation for lips/tongue contribution to vocal tract constriction ranged from 1.89 mm (bilabial release) to 1.20 mm (coronal release). The mean intra-speaker standard deviation for total change in vocal tract constriction degree ranged from 2.38 mm (bilabial release) to 1.15 mm (coronal release). See Figure 2 for scattergrams of the biomarkers.
Discussion
This study introduced and evaluated a computational method for extracting quantitative imaging biomarkers of articulatory strategy. Articulatory strategies indicated how much each participant used the jaw, lips, and tongue to make vocal tract constrictions. Precision was high for most tongue biomarkers and for jaw biomarkers of anterior vocal tract constrictions. Precision was low for biomarkers of small-amplitude jaw movements and pharyngeal constrictions. Mean intra-speaker standard deviations were smaller than the 2.4 mm pixel size of the rtMRI videos, indicating that the articulatory strategy biomarker had spatial resolution comparable to that of the rtMRI data from which it was extracted.
Building on existing rtMRI methods of parametric estimation and error analysis for Task Dynamics models [10] , we plan to exploit the theoretical basis of the proposed computational method in the Task Dynamics framework in order to estimate parameters of articulatory strategy (i.e., articulator weights [19] ). The distribution of articulatory strategy biomarkers offers a basis on which to introduce stochasticity into Task Dynamics. This paper is the first to introduce and evaluate quantitative imaging biomarkers of articulatory strategies.
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